The colonization of land was one of the major events in Earth history, leading to the 21 expansion of life and laying the foundations for the modern biosphere. We examined trace 22 fossils, the record of the activities of past life, to understand how animals diversify both 23 
fossils, the record of the activities of past life, to understand how animals diversify both 23 behaviourally and ecologically when colonizing new habitats. The faunal invasion of land 24 was preceded by excursions of benthic animals into very shallow, marginal-marine 25 environments during the latest Ediacaran Period and culminated in widespread colonization 26 of non-marine niches by the end of the Carboniferous Period. Trace-fossil evidence for the 27 colonization of new environments shows repeated early-burst patterns of maximal 28 ichnodisparity (the degree of difference among basic trace-fossil architectural designs), 29 ecospace occupation, and level of ecosystem engineering prior to maximal ichnodiversity. 30
Similarities across different environments in the types of behavioural programmes employed 31
(as represented by different trace fossils), modes of life present, and the ways in which 32 animals impacted their environments, suggest constraints on behavioural and ecological 33 diversification. The early-burst patterns have the hallmark of novelty events. The underlying 34 drivers of these events likely were the extrinsic limitation of available ecospace and intrinsic 35
Introduction 43 44
The colonization of land by animals was a fundamental transition in the development of the 45 biosphere 1 . The initial colonization of each new continental environment during the 46 Palaeozoic may be viewed as a series of repeated experiments that allowed the 47 morphological, behavioural, and ecological penetration of ecospace during successive 48 evolutionary radiations. Preceding faunal colonization, a diverse continental microbiota of 49 prokaryotes and eukaryotes existed during the Precambrian, as evidenced by molecular 50 clocks 2 , microbially induced sedimentary structures 3 , microfossils [4] [5] [6] , and various proxies [7] [8] [9] . 51
However, such microbially-based communities were physically-passive occupants of 52 quiescent patches within landscapes 10 , and later were joined during the Cambrian and 53
Ordovician by fungi 11 and land plants 12 , which had ecosystem engineering capabilities. 54
Continental habitats thus were relatively well-established before their invasion by motile 55 ecosystem engineers (i.e. animals), but debate surrounds the timing and palaeoenvironmental 56 context of this invasion in the history of life 13, 14 . Molecular clock studies increasingly point to 57 a Precambrian-Middle Cambrian origin for myriapods [15] [16] [17] , a Cambrian-Ordovician origin for 58 arachnids 15, 16 , and an Ordovician origin for hexapods 15, 16, 18 , and argue for initial colonization 59 of land by these groups during the Cambrian (myriapods), Ordovician-Silurian (arachnids) 60
and Ordovician (hexapods) 16 . These estimates agree with the oldest known body fossils of 61 arachnids (Silurian) 16 but pre-date the oldest known terrestrial myriapods (mid Silurian) 16 and 62 comparisons = 0.0167) between observed ichnodiversity and the numbers of trace-fossil-119 bearing formations and/or the numbers of trace-fossil assemblages when the data are pooled 120 by geological sub-period, but not when data are pooled by geological period (Supplementary 121 Table 1 ). At the sub-period level, low observed values for ichnodiversity are associated with 122 low numbers of trace-fossil bearing formations and trace-fossil assemblages (Supplementary 123 Fig. 7 ). This relationship may reflect observed ichnodiversity being driven by the number of 124
formations (the bias model), ichnodiversity driving the number of discovered formations (the 125 redundancy model), or a combination of these effects 30 . There clearly is a trade-off between 126 temporal resolution and the overall reliability of observed patterns. Ichnodiversity trajectories 127 are strongly related to sampling intensity at the sub-period level, but this effect is dampened 128 when data are pooled into geological periods, as is done for presentation, analysis and 129 discussion of data in this study. 130
At the level of the geological period, there are no statistically significant correlations 131 (Bonferroni corrected a'-level = 0.0167) amongst the diversity measures of ichnodiversity, 132 ichnodisparity, ecospace occupation and ecosystem engineering versus the sampling 133 measures of the numbers of trace-fossil bearing formations and trace-fossil assemblages 134 (Supplementary Table 2 ). Rank-order correlation plots identify those geological periods with 135 the lowest residuals from the fitted models (Supplementary Figs 8-10 to Permian, and shows no sign of reaching an asymptote within the temporal range of this 158 study (Fig. 3) . However, the Devonian has one of the greater numbers of trace-fossil bearing 159 formations for transitional alluvial environments, and observed ichnodiversity during the 160
Ordovician, Silurian and Permian may be limited by the lower number of trace-fossil bearing 161 formations ( Supplementary Fig 7f) . Global ichnodisparity, ecospace occupation and 162 ecosystem engineering rose sharply from the Ediacaran to Cambrian in subaqueous and 163 transitional coastal environments before becoming fairly constant through the rest of the 164 9 manner similar to a conveyor belt. With the exception of subaerial coastal environments 192 where colonization was limited to the surficial tier ( Supplementary Fig. 1 ), expansion to the 193 deep infaunal tier in other environments occurred within the geological period of initial 194 invasion (Supplementary Figs 2,3,6 ) or the following period (Supplementary Figs 4,5) . 195
Modes of life increased in number for other tiers of subaqueous coastal, transitional 196 coastal, and transitional alluvial environments in the geological period following initial 197 colonization. Freely motile, non-specialized and specialized deposit-feeding animals and 198 predators colonized the semi-infaunal tier. Among other activities, they were responsible for: 199 The number of ichnogenera within each architectural design for each tier remains 209 fairly constant across the swath of geological time represented by each environmental 210 category. However, for the surficial tier, there is a greater increase in ichnodiversity 211 compared to ichnodisparity. This pattern is most pronounced in transitional alluvial 212 environments ( Fig. 4; Supplementary Fig. 11 ). Principal co-ordinates analyses show that 213 architectural designs, modes of life, and impacts upon the sediment are remarkably consistent before subaqueous alluvial and ephemeral lacustrine environments were colonized, followed 230 by aeolian and marginal lacustrine environments, and finally subaqueous lacustrine 231
environments. 232
Environmental expansion was coupled with increases in several parameters. In 233 general, ichnodisparity, the volume of occupied ecospace, and the level of ecosystem 234 engineering reached a plateau soon after colonization of a new environment, with little 235 subsequent change for the duration of the Palaeozoic. The trend for global ichnodiversity is 236 more variable, taking longer to reach a plateau in many environments and also exhibiting 237 intervals of apparently decreasing ichnodiversity. In transitional alluvial environments, 238 ichnodiversity increases linearly from the Ordovician to Permian, whereas ichnodisparity, 239 occupied ecospace and ecosystem engineering reached asymptotes from the Silurian tothis interval, attributable to increasing numbers of surficial tier trackway and scratch imprint 242 ichnogenera. This increase is in part a function of the diversification of trace-making 243 organisms that produce trackways and scratch imprints because the morphology of these 244 ichnogenera is strongly influenced by the anatomy of the producer. In addition, the paucity of 245 deep-tier bioturbators may have increased the preservation potential of trackways and other 246 trace fossils formed at the sediment surface. 247
There is strong trace-fossil evidence that Cambrian arthropods and mollusks had 248 ecological studies of modern alluvial environments show that biodiversity increases toward 293 more geomorphologically complex reaches of river systems 46 . The increasing variety of 294 continental landscapes is stratigraphically consistent with the first appearances of continental 295 ichnofaunas, followed thereafter by their subsequent expansion and diversification. 296
Adaptive radiations sensu stricto correspond to portions of evolutionary radiations 297 that involve a single clade 47 . An early-burst, "disparity first" pattern is most prevalent 298 amongst studies based on single clades of body fossils [25] [26] [27] . The colonization of each 299
continental environment recorded by trace fossils occurred across independent animal 300 lineages. Novelty events and broad diversification events are two types of evolutionary 301 radiation that involve independent lineages, with novelty events demonstrating a "disparity 302 first" pattern, and broad diversification events a "diversity first" pattern 47 . With minor 303 exceptions, the phyla involved in subsequent waves of colonization during the later 304
Palaeozoic largely were the same as the founding colonists during the mid Palaeozoic. The 305 colonization of each new continental environment therefore may be viewed broadly as a 306 series of repeated-measures experiments through which commonalities and differences in the 307 exploration and occupation of ecospace can be analyzed. Despite differing environmental 308 contexts, the results of each colonization event are largely similar, characterized by initial 309 rapid realization of maximal ichnodisparity and a later increase in ichnodiversity. This pattern 310 conforms to an early-burst model 47 . Maximal numbers of architectural designs, modes of life, 311 and ichnological sediment impacts appear to have arisen rapidly but diachronously across 312 continental environments, once they were colonized. Except for the first geological period of 313 occupation, the constituent architectural designs, modes of life, and ichnological sediment 314 impacts are remarkably similar across time and environments ( Supplementary Fig. 12 ). Thehardgrounds, respectively, following their initial colonization during the Cambrian Explosion 319
and Great Ordovician Biodiversification Event 28 . 320
Two principal process models have been proposed to explain disparity-first 321 diversification patterns. The first is the ecospace model, whereby the success of new forms is 322 controlled by variation in ecological opportunities. The second is the genetic/developmental 323 model, whereby increasing genetic/developmental constraints reduce the potential for 324 innovation through time 27, 47 . Most studies support the ecospace model, with exploitation of 325 new ecological opportunities following colonization of a new environment or by ecological 326 release after a mass extinction that leads to rapidly increasing disparity 47 . However, in one 327 clade of vertebrates, disparity was found to decline throughout the Permian and Triassic and 328 did not return to pre-extinction levels, whereas taxonomic diversity decreased at the boundary 329 but afterwards rebounded 48 . This supports the genetic/developmental hypothesis whereby the 330 capacity of the clade to generate disparate life forms was reduced by the genetic bottleneck 331 induced by the Permo-Triassic mass extinction 48 . However, the ecospace and 332 genetic/developmental models are not necessarily mutually exclusive 47 , particularly as certain 333 genetic abilities are required to generate varied forms to exploit and create ecological 334 opportunities. Indeed, novelty events are enabled by the combination of extrinsic control of 335 available ecospace and intrinsic control of sufficient genomic and developmental plasticity to 336 allow phenotypic novelty 26, 47 . This enablement occurred through both morphology and 337
behaviour. 338
Our results show that largely the same architectural designs, modes of life, and 339 ichnological sediment impacts occur across subaqueous coastal, transitional coastal, and Raw counts were used to enable identification of patterns of appearance and also 551 potential disappearance and reappearance of behavioural strategies, modes of life, and 552 impacts upon the sediment. Range-through data may be used to ameliorate the effects of a 553 patchy body-fossil record because species cannot re-evolve and so must be present in 554 between their first and last appearances. However, the trace-fossil record is a different entity 555 in this regard. A variety of organisms can make the same ichnotaxon by performing the same 556 behaviour, and the same organism can make different ichnotaxa by performing different 557
behaviours. As such, ichnotaxa are generally long-ranging but there may be valid gaps in 558 their record. If a particular ichnotaxon disappears from an environment for an interval oftime, it may reappear in younger strata if the environment is re-colonised by a producer that 560 had sought a temporary refugium or, alternatively, the responsible behavioural programme 561 could re-evolve by convergence or parallelism in a different organism. The use of raw counts 562 enables the identification of a behavioural programme or mode of life that disappears from a 563 particular environment. An example is disappearance resulting from an extinction event, 564 followed by subsequent reappearance during the recovery interval. Consequently, keystone 565 functions performed by organisms and resulting patterns of ecological succession may be 566
assessed. 567 568
Potential biasing factors in the continental and shallow marginal-marine trace-fossil 569 record. Sub-sampling 54 and residual diversity estimates 55,56 are the two principal methods for 570 controlling the patchiness of the fossil record when analyzing patterns of diversity through 571 time. The sub-sampling method involves randomly drawing a pre-determined sub-sample of 572 fossil assemblages from a pool for each time bin in order to produce a normalized diversity 573 curve 54 ; whereas the residual diversity estimate method involves a comparison of observed 574 diversity values to a null model in order to find the residuals for producing a de-trended 575 diversity curve 55, 56 . Sub-sampling is best performed with large sample sizes, whereas the 576 residuals method does not require a large sample size 56 . As our data are sample-limited, with 577 fewer than 10 trace-fossil bearing formations or trace-fossil assemblages for some time 578 intervals and environments, we employed the underlying principles of the residuals method 579 over the sub-sampling method. The algorithms developed for producing de-trended diversity 580 curves from residuals have been questioned 57 . However, the principle of testing for 581 correlations between diversity and sampling measures and obtaining residuals of observed 582
values from a null model is valid as a test of the quality of the fossil record. Potential 583 sampling biases on observed diversification metrics were tested using Spearman Rank-Orderthe non-parametric Spearman Rank-Order Correlation was used because it does not assume 586 that data are normally distributed. The potential sampling biases that were considered were: 587 terrestrial clastic rock volume 58 , the number of trace-fossil bearing formations, and the 588 number of trace-fossil assemblages. The former is an independent measure of the rock record 589 and the latter two are likely to be dependent to some degree with observed diversification 590 mode, subdivided into suspension feeders, non-specialized deposit feeders, specialized 635 deposit feeders, predators, and others. There are a variety of one-to-one, many-to-one and 636 one-to-many relationships between ichnogenera and modes of life. In the latter case, an 637 ichnogenus may have more than one possible tier and feeding mode. Architectural designs 638 have one-to-one, one-to-many and many-to-one relationships with modes of life. 639
Tiering refers to the life-position level of an animal vertically in the sediment. For a 640 trace fossil to form, an animal must interact with a substrate. Therefore, the realm of trace-641 fossil analysis largely is restricted to those organisms at or below the sediment surface. 642
However, there are exceptions: for example, terrestrial animals such as termites may 643 construct a structure above ground and animals may interact with substrates that are above 644 ground, such as soil nests lodged on plants, or with mobile substrates such as logs. For the 645 purposes of this analysis of subaqueous to subaerial habitats, tiering categories are limited to 646 occurrences at or below the sediment surface. Surficial tier animals are those living on the 647 sediment surface and not extending significantly upward, whereas semi-infaunal tier animals 648 are partly infaunal and exposed to the overlying water or air 62, 63 . Trace fossils provide direct 649 information on the life positions of animals, and so it is possible to be rather precise 650 regarding infaunal tiering levels. The system adopted here comprises a shallow infaunal tier 651 for depths up to 6 cm from the upper substrate surface, an intermediate infaunal tier for 652 depths of 6 to 12 cm, and a deep infaunal tier for depths of greater than 12 cm [64] [65] [66] . This 653 allows for the differentiation of an intermediate tier and a truly deep tier of infaunal animals. 654
Trace-fossil producing animals generally have some degree of motility, the exception 655 being non-motile animals that leave attachment structures. Frameworks for ecospace 656 occupation developed for body fossils have defined three major levels of motility: motile, 657 facultatively motile and non-motile, each with two sublevels of fast and slow 62, 63 . Thisanimals are those that are generally stationary but are capable of movement. 660
The mode of feeding is constrained to five categories in this analysis. Suspension 661 feeders are those that obtain and capture food particles from the water column. Deposit 662 feeders are those that actively ingest particles of food from a substrate. To avoid spatial 663 segregation, the deposit-feeder category is used in a broad sense to include those organisms 664 that obtain their food from the surface, are buried within the substrate, or feed by grazing 665 The three categories included within coastal settings of subaqueous, transitional and 721 subaerial can be understood as reflecting an environmental gradient along a coastal plain. The 722 first two categories reflect for the most part the activity of brackish-water faunas. Fjord areas 723 are affected by strong freshwater discharge, whereas tidal flats from the innermost zones of 724 estuarine systems formed between the maximum landward limit of tidal influence and the 725 maximum landward limit of the marine saline wedge. Both therefore represent a departure 726 from typical marginal-marine conditions because they host freshwater faunas 71, 72 . The 727 subaerial category reflects the activity of terrestrial biotas. The three categories included 728 within alluvial settings (subaqueous, transitional, subaerial) also illustrate a gradient from 729 active channels to riparian overbank settings and ultimately zones affected by aeolian 730 processes. This is more an ecological gradient than an environmental gradient because 731 aeolian depositional systems are not necessarily associated with riverine systems. The 
